Cultured adipocytes provide a convenient system to examine the molecular basis of tissue-specific hormonal control of gene expression. We have examined the regulation of the S14 protein (17 kDa, 4.9 pi) in cultured adipocytes. The S14 protein serves as a model for lipogenic gene expression. Whereas both glucocorticoids (GC) and retinoic acid (RA) induce S14 gene transcription in adipocytes, neither hormone activates S14 gene transcription in preadipocytes. To investigate the molecular basis for this tissue-specific hormonal control, 3T3-L1 preadipocytes were stably transfected with S14-chloramphenicol acetyl transferase (CAT) fusion genes. Both GC and RA induced S14CAT activity in adipocytes, but not in preadipocytes, indicating that ds-linked targets for GC, RA, and tissue-specific control were located upstream from the 5' end of the S14 gene. Analysis of the expression of CAT fusion genes containing canonical GC and RA response elements showed that endogenous GC and RA receptors activated these genes in both preadipocyte and adipocyte phenotypes. Thus, the GC and RA regulatory networks were operative in both cell types. Deletion analysis of the S14CAT fusion genes showed that the cis-linked elements that conferred the GC, RA, and tissue-specific control were located between -1,381 and -1,588 bp upstream from the 5' end of the S14 gene. Gel shift and DNase I footprint analysis indicated that nuclear proteins interacting with this region were under tissue-specific control. We speculate that tissue-specific proteins modulate the activity of GC/RA regulated proteins that interact with the S14 GC/RA response region.
Introduction
Adipocyte-forming cell lines (i.e., 3T3-P442A, 3T3-L1 Kehinde, 1974, 1976] , OB17 [Grimaldi et al., 1979] , and TA1 [Chapman et al., 1984J) have been established to investigate specific aspects of fat cell function under defined in vitro conditions. Cells are propagated as fibroblasts (preadipocytes) and induced to differentiate to adipocytes after treatment with specific compounds, such as insulin, isobutylmethylxanthine, glucocorticoids, fetal calf serum, insulin-like growth factor I, or triiodothyronine. Differentiation is accompanied by inducauthors wish to thank B. Spiegelman, H. Towle, H.-S. Sul, R. Koenig, and S. Conrad for the various cDNAs, expression vectors, and adipocyte cell lines used in these studies. We also wish to thank Maya Zile, Henry Bayley, and Annette Thelen for many helpful suggestions during the course of this research. This research was supported by grants from the National Institutes of Health (GM36851, DK43220), American Diabetes Association, The Upjohn Company, and Michigan State University.
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Current address: Dept. of Biol. Chem, The Johns Hopkins Univ, Baltimore, MD 21218. 3 tion of several enzymes involved in fatty acid and triacylglycerol metabolism (MacKall et al., 1976; Spiegelman et al., 1983; Wise et al., 1984; Bernlohr et al., 1985) . Acquisition of the adipocyte phenotype (i.e., adipogenesis) is associated with increased responsiveness to both lipogenic and lipolytic hormones (Reed et al., 1977; Rubin et al., 1977 Rubin et al., , 1978 Smith et al., 1988) . These changes in cell function are accompanied by changes in mRNAs coding for specific proteins, indicating that adipogenesis is associated with significant reprogramming of gene expression. Because these events seem to parallel adipogenesis in vivo, these cell lines have allowed the investigators to examine 1) specific metabolic and biochemical processes associated with fat cell function (e.g., lipogenesis and lipolysis), 2) the molecular basis of fat cell differentiation, and 3) the effect of specific hormones and nutrients on the regulation of these processes.
We have been interested in defining the molecular basis of glucocorticoid (GC) and retinoic acid (RA) control of gene transcription in adipocytes. Although the effects of GC on lipid and carbohydrate metabolism are well established (Munck et al., 1984) , the effects of RA on fat cell functions are not well understood. Table 1 lists effects of GC and RA on adipocyte differentiation and gene expression. In vitro studies show that GC inhibit adipogenesis (Pairault and Lasnier, 1987) . Interestingly, if cells are allowed to differentiate to adipocytes, GC do not induce reversion of adipocytes to the preadipocyte phenotype. Treatment of adipocytes with GC enhanced insulin resistance of fat cells both in vitro and in vivo and increased adipocyte sensitivity to lipid mobilizing hormones such as epinephrine and ACTH (Grunfeld et al., 1981; Feve and Pairault, 1987) . Enhanced sensitivity to epinephrine is due, at least in part, to the upregulation of /32-adrenergic receptor (fo-AR) (Feve et al., 1990) . Other effects of GC on adipocytes include an inhibition of glycerophosphate dehydrogenase (GPD) and induction of S14 gene transcription (Lepar and Jump, 1989) . The physiological consequences of GC action on adipocytes include enhanced lipolysis and diminished lipogenesis in fat cells.
Several recent studies suggest that RA might play an important role in adipocyte function. This is based on the finding that both white adipose tissue and cultured adipocytes contain retinoic acid receptors (RAR) (Haq and Chytil, 1991; Lepar and Jump, 1992; Jump et al., 1993) . As with GC, RA blocks adipogenesis in F442A, Ll, and OB17 cells (KuriHarcuch, 1982; Castro-Munozledo et al., 1987; Pairault and Lasnier, 1987; Stone and Bernlohr, 1990; Teboul et al., 1992) . In fully differentiated adipocytes, RA inhibits adipsin gene expression, a protein secreted from adipocytes both in vivo and in vitro (Antras et al., 1991) . Retinoic acid also inhibits glycerophosphate dehydrogenase (GDP) gene transcription and suppresses lipoprotein lipase activity and down-regulates T3 receptors while augmenting S14 gene transcription (Kamei et al., 1992; Lepar and Jump, 1992; Teboul et al., 1992) . Based on these observations, RA might attenuate triacylglycerol synthesis and compromise fat cell response to circulating hormones.
Recent studies have shown that in addition to hormones, tissue-specific factors may play a critical role in hormonal control of gene transcription. Induction of fo-AR gene expression by GC is dependent on the adipocyte phenotype (Feve et al., 1990) . Similarly, induction of S14 gene transcription by both GC and RA requires the adipocyte phenotype Jump, 1989, 1992) . Thus, an overall understanding of hormonal regulation of gene expression requires definition of both the mechanism of hormonal control and the role that tissue-specific factors play in this process. Accordingly, we will briefly review current concepts of GC and RA action and then use the S14 gene model to examine the tissue-specific hormonal control of S14 gene transcription in cultured adipocytes.
Actions of Glucocorticoids and Retinoic Acid
As hydrophobic hormones, both GC and RA regulate gene expression by binding to intracellular receptors that act at the nuclear level (Evans, 1988; Beato, 1989; Wolf, 1991) . Glucocorticoid receptors (GCR) and RAR, like triiodothyronine receptors (TR), belong to the steroid/thyroid/retinoid superfamily of nuclear receptors (Evans, 1988) . These receptors function as ligand-activated transcription factors. Much of RA and GC action requires binding of GCR and RAR to DNA at defined DNA sequences, termed glucocorticoid response elements (GRE) or RA response elements (RARE), respectively. These cis-acting elements serve as targets within DNA for receptor binding and are often located upstream from promoters of hormonally regulated genes. Binding of ligand-occupied receptors to DNA sets in motion a complex sequence of events culminating in changes in transcription of cislinked genes. Changes in gene transcription lead to corresponding changes in specific mRNA and protein levels and changes in cell function. Although these two systems seem similar, some differences exist in the subcellular distribution of the unoccupied GCR and RAR and in the way in which other cellular factors influence receptor-DNA interaction. Unoccupied GCR are located in the cytoplasm in association with heat-shock proteins, such as HSP 90 (Pratt et al., 1988) . Ligand binding of GC to GCR induces dissociation of HSP90 from GCR, allowing the hormone-receptor complex to enter the nucleus and bind DNA as a homodimer.
In contrast, RAR do not interact with heat-shock proteins (e.g., HSP90), but they seem to be associated with the nuclear compartment in the absence of ligand (Dalman et al., 1991) . Whereas RAR bind poorly to JUMP AND MACDOUGALD DNA as monomers or homodimers, RAR can interact with TR or a distinct family of retinoic acid receptors, termed RXR, to form heterodimers and bind strongly to DNA (Hermann et al., 1992; Kleiwer et al., 1992; Leid et al., 1992; Walstrom et al., 1992) . To add to the complexity, several isoforms of RAR (Zelent et al., 1989) , RXR (Mangelsdorf et al., 1990 (Mangelsdorf et al., , 1991 Leid et al., 1992) , and TR (Brent et al, 1991) have been identified by molecular cloning, making possible considerable diversity of heterodimeric structure. Because these various isoforms display tissue-specificity, it is possible that specific sets of genes might respond more favorably to specific heterodimeric combinations. The multiplicity of receptor isoforms and the heterodimeric interaction of receptors points to a convergence of several signalling pathways.
The S14 Model
We have used the S14 gene as a model system to investigate the action of hormones, nutrients, and tissue-specific factors on adipocyte gene expression. The S14 gene codes for the S14 protein (17 kDa; 4.9 pi), which is expressed predominantly in tissues that synthesize triacylglycerols, such as liver, lactating mammary gland, white and brown adipose tissue, and cultured adipocytes Jump, 1989a; Lepar and Jump, 1989; Kinlaw et al., 1989) . Although the biochemical function of the S14 protein remains to be denned, a considerable body of evidence indicates that S14 protein functions in lipid metabolism (Oppenheimer et al., 1987; Jump, 1989a) . The hormonal, nutritional, and tissue-specific regulation of S14 gene transcription is typical of many proteins involved in lipid and carbohydrate metabolism (Jump et al, 1984 (Jump et al, , 1988 (Jump et al, , 1990a Goodridge, 1987; Jump, 1989a,b; Kinlaw et al., 1989; Blake and Clarke, 1990; Clarke et al., 1990a,b) . Therefore, the S14 gene serves as a model for hormonal/nutrient control of lipogenic gene transcription.
Regulation of S14 Gene Expression by Glucocorticoids and Retinoic Acid
The effects of RA and dexamethasone (DEX) on S14 gene expression were examined in three adipocyte cell lines (Figure 1 ). The 3T3-L1 and 3T3-F442A cell lines were cloned from embryonic mouse Kehinde, 1974, 1976) , and OB1771 was isolated from adult mouse (ob/ob) epididymal fat {Grimaldi et al., 1979) . Basal (unstimulated) levels of mRNAsi4 are low (< .005 units) in adipocytes. However, treatment with either DEX or RA alone significantly induced mRNAsi4 in all three adipocyte cell lines. Retinoic acid induced mRNAsu in LI, OB1771, and F442A adipocytes 40-, 24-, and 14-fold, respectively, and DEX induced mRNAgu 148-, 60-, and 13-fold in F442A, LI, and OB1771 adipocytes, respectively. The combination of RA and DEX treatment lead to a profound Regulation by dexamethasone (DEX) and retinoic acid (RA) of mRNAsu levels in cultured adipocytes. 3T3-F442A, 3T3-L1, and Obl771 preadipocytes were differentiated to adipocytes as described (Grimaldi et al., 1979; Jump, 1989, 1992) . After > 85% of the cells were differentiated to adipocytes, cells were treated with vehicle (.005% ethanol; Veh), dexamethasone (1 nM) or retinoic acid (1 fiM) or the combination of both treatment for 72 h. Cells were harvested and extracted for RNA. mRNAsu levels were measured and expressed as units Jump, 1989, 1992) . Results are expressed as mean ± SD, n -4. 360-, 200-, and 46-fold induction of mRNAsu in F442A, LI, and OB1771 adipocytes, respectively. The effects of RA and DEX are clearly synergistic, indicating that each factor regulates S14 gene expression through independent as well as interactive regulatory pathways. The ED50 for DEX and RA action are lO" 10 M and 10~9 M, respectively. These values are in line with the known biological effects of RA and DEX on gene expression. The principal mechanism by which both DEX and RA induce mRNAgu is through the activation of S14 gene transcription Jump, 1989, 1992) . Therefore, these interactive pathways converge at the transcriptional level.
Whereas mRNAsu levels (.002 units) are low in preadipocytes, the gene is virtually resistant to hormonal induction in these cells Jump, 1989, 1992) . Thus, hormonal regulation of S14 gene transcription in cultured adipocytes requires expression of the adipocyte phenotype. This same pattern of control has been observed with the GC control of /?-adrenergic receptors in F442A cells. Tissue-specific hormonal control is an important developmental and physiological process that ensures that the correct genes are placed under control of environmental signalling pathways at specific times of development. Both in vivo (Jump et al., 1988) and in vitro Jump, 1989, 1992 ) studies indicate that S14 gene expression is representative of genes that appear in mature tissues. Such tissue-specific control can be due to 1) tissue-specific regulation of hormone receptors, 2) tissue-specific regulation of ancillary frons-acting factors required for specific gene transcription, or 3) a combination of these processes. To investigate these possibilities we have 1) determined whether the GC and RA regulatory networks in preadipocytes and adipocytes are operative, 2) localized both the tissuespecific and hormonally response eis-acting elements controlling S14 gene expression, and 3) determined whether proteins that interact with these elements are subject to tissue-specific control. 
Glucocorticoid and Retinoic

Cis-Acting Elements Located Upstream
From the S14 Gene Confer Glucocorticoid, Retinoic Acid, and Tissue-Specific Control to the S14 Gene To examine the molecular basis for tissue-specific hormonal control of S14 gene transcription, the cislinked targets for GC and RA action must be localized. Accordingly, cultured preadipocytes were stably transfected with the S14-CAT-4.3 plasmid. This plasmid contains rat genomic sequences extending from +19 to -4,315 bp relative to the 5' end of the S14 gene fused upstream from the CAT gene. Neither DEX nor RA induced CAT activity from the CAT in either F442A or LI preadipocytes (Figure 3) . In contrast, differentiation of cells to adipocytes followed by DEX or RA treatment promoted a > 3-fold and > 2.4-fold induction, respectively. These results showed that elements that confer tissue-specific GC and RA control to the S14 gene are located within 4,315 bp of the 5' end of the S14 gene.
Further localization of the eis-linked targets for DEX and RA action required LI preadipocytes to be stably transfected with deletion mutants of the S14 gene linked to CAT. Preadipocytes were differentiated to adipocytes and examined for the effects of DEX and RA on S14-CAT fusion gene activity (Figure 4 ). Adipocytes transfected with S14-CAT fusion genes with 5' end points at -4,315 and -1,601 retained both DEX and RA responsiveness. However, cells transfected with fusion genes with 5' end points at -1,074 and -290 were not responsive to either treatment. These results suggest that the boundaries for both DEX and RA control colocalized to a region between -1,075 and -1,601 bp upstream from the 5' end of the S14 gene.
In subsequent analysis, this region (-1,069 to -1,588 bp) was ligated upstream from a minimal S14 promoter [+19 to -290 bp]-CAT fusion gene and stably transfected into LI preadipocytes. Adipocytes transfected with this plasmid were responsive to both DEX and RA. Further deletion analysis showed that both RA and DEX control colocalized to the -1,381 to -1,588 bp region. This 207-bp element also retained the tissue-specific elements required for hormonal regulation to the S14 gene in adipocytes (not shown). Transfection analysis of an adjacent element extending from -1,380 to -1,069 bp linked to S14-CAT was unresponsive to either DEX or RA (not shown). These studies show that the cis-acting elements that confer tissue-specific DEX and RA control to the S14 gene are located in a 207-bp region between -1,381 and -1,588 bp upstream from the 5' end of the S14 gene. Ligation of this element to a heterologous promoter (thymidine kinase promoter; TK) conferred tissue-specific DEX and RA responsiveness to the TK-CAT fusion gene (not shown). Thus, these elements are both sufficient and necessary for adipocyte-specific RA and DEX control of S14 gene transcription.
DNA-Protein Interaction Within the Hormonally Responsive Region
The transfection studies of 3T3-L1 cells indicated that the cis-linked elements involved in GC, RA, and tissue-specific control of S14 gene transcription reside between -1,381 and -1,588 bp upstream from the 5' end of the S14 gene. DNase I footprint and gel shift analyses were used to determine whether nuclear proteins interacting with specific DNA sequences within this region were regulated in a tissue-specific fashion. DNase I footprint analysis revealed two regions of specific DNA/protein interaction (Jump et al., 1993) . Nuclear proteins binding to region 1 (-1,530 to -1,554 bp) were low in preadipocytes and increased in adipocytes. Nuclear proteins binding to region 2 (-1,457 to -1,477 bp) were high in preadipocytes and diminished in adipocytes. Gel shift analysis using oligonucleotides corresponding to region 1 (tis-sue-specific element 1; TSE-1) and region 2 (tissuespecific element-2; TSE-2) confirmed the tissuespecific control of expression of these DNA binding proteins.
DNA sequence of the -1,381 to -1,588 bp region revealed the presence of a putative glucocorticoid response element (GRE)
_1
' 461 GGAA-CACTCTGTTTG -1 ' 447 that shows high similarity to a consensus GRE (GGTACANNNTGTTCT; Beato, 1989) . This prospective GRE is located within the TSE-2 region. To determine whether this element had GRE-like properties, an oligonucleotide of the TSE-2 region was synthesized, ligated to a basal S14 promoter-CAT plasmid (S14-CAT-TSE2), and stably transfected into LI cells. Treatment of preadipocytes with DEX failed to induce CAT activity. However, DEX treatment of adipocytes induced CAT activity three-fold. In contrast, DEX failed to induce CAT activity in LI cells transfected with the S14-CAT-TSE1 fusion gene. These results support the notion that TSE-2 contains a functional GRE. The activity of this element was regulated in an adipocyte-specific fashion.
Analysis of the -1,588 to -1,381 bp region showed that many sequences (> 20) displayed weak identity to the RARE described for /31-laminin (Vasios et al., 1989) , RAR/3 (de The et al., 1990), alcohol dehydrogenase (Duester et al., 1991) , phosphoenolpyruvate carboxykinase , cellular retinol binding protein I (Smith et al., 1991) or the more general RARE described by Leid et al. (1992) . Weak identity may indicate that these elements bind RAR weakly, or not at all. Neither TSE-1 nor TSE-2 containing S14-CAT constructs was responsive to RA. This indicates that the RA control might require both the TSE-1 and TSE-2 elements, or possibly other elements within the -1,381 to -1,588 bp region.
Tentative Model for the Tissue-Specific Control of S14 Gene Transcription in Cultured Adipocytes
Our studies show that the region located between -1,381 and -1,588 bp upstream from the S14 gene serves as a target for transcription factors regulated by GC, RA, and tissue-specific mechanisms. It still remains to be determined whether GCR and RAR interact directly with these DNA elements or whether GC and RA regulate the activity and(or) abundance of ancillary transcription factors. Despite this limitation, our studies allow us to propose a model that involves changes in the protein-DNA interaction within this region as a possible mediator of tissuespecific hormonal control of S14 gene transcription. key functional elements involved in gene transcription (Gross and Garrard, 1988) . The #1 site contains functional promoter elements (MacDougald and Jump, 1991) and the #3 site contains functional thyroid hormone response elements (TRE) (Jump et al., 1990a; Zilz et al., 1990) . The GC and RA responsive region is located within the #2 DNase I hypersensitive site. This site displays the characteristics of an enhancer (i.e., distance and orientation independence). DNase I footprint analysis of the #2 DNase I hypersensitive site showed two regions corresponding to TSE-1 and TSE-2 where nuclear proteins bind. Binding activity to the TSE-1 region increased with differentiation, and binding activity to TSE-2 decreased with differentiation. Based on the similarity of TSE-2 to a consensus GRE and the GC responsiveness of this element, we suggest that TSE-2 is a functional GRE. Failure of the TSE-2 to function as a GRE in preadipocytes might be due to binding of preadipocyte-specific proteins near the GRE that block GR binding. The decline in protein binding activity to TSE-2 in adipocytes reduces the blockade, making this site accessible for GR binding and gene activation. In addition to the blockade mechanism, other ancillary factors binding to elements in the vicinity of the TSE-2 region may be required for full GC control of S14 gene transcription. This is based on the finding that when a single GRE is placed at a distance (> 300 bp) from the transcription start site, transcription factors binding to nearby response elements (e.g., CCAAT, SP1, NF1, or CCCAC) enhance GC action (Schule et al., 1988; Strahle et al., 1988) . The placement of the S14 GC response unit at -1.4 kb makes it highly likely that additional factors are required for GC control of S14 gene transcription.
The mechanism for RA control of S14 gene transcription seems more complicated. Neither TSE-1 nor Model for Adipocyte-Specific Hormonal Control of S14 Gene Transcription
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TSE-2 functioned alone as an RARE. Either both TSE-1 and TSE-2 or additional elements not detected by the initial footprint analysis are required for RA control of S14 gene transcription. Given the observation that the RA regulatory network is operative in both preadipocytes and adipocytes, these results indicate that tissue-specific transcription factors are required to engage the S14 gene with the RA signalling pathway. Studies are in progress to delineate the targets of RA action.
In addition to the tissue-specific, RA-and GCregulated factors interacting with the S14 gene in cultured adipocytes, other elements within the DNase I hypersensitive site #2 region are targets for hepatic trans-acting factors regulated by dietary carbohydrate and insulin (Jacoby et al., 1989; Jump et al., 1990a; Shih and Towle et al., 1992) . The cis-acting elements recognized by the insulin-dietary carbohydrate regulated factors do not overlap with the adipocyte-specific RA/GC elements. Therefore, the #2 DNase I hypersensitive site is a multifactorial response unit (MRU) with several elements subject to tissue-specific utilization. Clearly, one future challenge will be to understand how these various tarns-acting factors interact within the MRU to control S14 gene transcription in various tissues.
Summary
Many genes involved in lipid and carbohydrate metabolism are subject to complex multifactorial control (e.g., fatty acid synthase, malic enzyme, and S14 [Goodridge, 19873) . The complexity of the MRU controlling S14 gene transcription may be characteristic of response units controlling transcription of other genes subject to similar control. This notion is supported by recent studies on other systems (Imai et al., 1990; Lucas and Granner, 1992) . Detailed molecular analysis of the cis-and traras--aeting factors controlling such domains will provide additional clues about how several signalling pathways interact to control gene transcription.
Finally, these studies show that retinoic acid, long viewed as an important factor for growth and development (Wolf, 1991) , may play in important role in lipid and carbohydrate metabolism. Several genes involved in metabolism are regulated by RA, including phosphoenolpyruvate carboxykinase , glycerophosphate dehydrogenase (Lepar and Jump, 1992) , alcohol dehydrogenase (Duester et al., 1991) and lipoprotein lipase (Kamei et al., 1992) . Future studies will indicate the importance of RA in these regulatory processes. 
